Driving in hemianopia and quadrantanopia 2 ABSTRACT Purpose: To examine the on-road driving performance of drivers with hemianopia and quadrantanopia compared with age-matched controls.
INTRODUCTION
Homonymous visual field defects occur when field loss is in the same relative position in visual space in each eye. The term hemianopia is used if one half of the field is involved, and quadrantanopia if only one quadrant is affected. These conditions result from post-chiasmal damage to the visual pathways, with the most common etiology being stroke with other causes including traumatic brain injury and tumor. [1] [2] [3] The prevalence of homonymous hemianopic visual field defects was recently estimated to be 0.8% within a community-dwelling population ≥ 49 years old, with 52% of these reporting a history of stroke. 4 Individuals with hemianopic or quadrantanopic field defects, regardless of the cause or prognosis, are considered unsafe to drive in many jurisdictions around the world and are prohibited from licensure. 5 However, there is little evidence to support this policy. One study suggested that severe binocular field loss increases the risk for crash involvement, 6 however, the extent to which this study included persons with hemianopic or quadrantanopic field loss was not reported.
A few studies have examined driving performance in persons with hemianopia, either on-road driving or performance in a driving simulator. Szlyk et al. 7 reported significantly worse performance on an interactive driving simulator for six persons with homonymous hemianopia secondary to stroke compared to age-matched controls, with lane boundary crossings being higher for hemianopes compared to controls. Hemianopes were tested within two months of their stroke so it is highly likely the recovery process was still ongoing. 1 Tant et al. 8 also found problems with on-road steering stability in a group of 28 patients with homonymous hemianopia, reporting that only 14% passed a driving assessment similar to the road test used by the local licensing authority. This study specifically recruited hemianopes whose driving was suspected to be unsafe by the carer or patient themselves. More recently, Racette and Casson 9 conducted a retrospective chart review of occupational therapists' assessments of the on-road driving of persons with visual field impairment, including a subgroup of twenty drivers with hemianopia or quadrantanopia. They reported that localized visual field loss in the left hemifield and diffuse loss in the right hemifield were associated with impaired driving performance in this subgroup.
However, as acknowledged by the authors, study limitations included its retrospective design, lack of a standardised driving route, different occupational therapists undertaking the assessments, and no reference group of drivers with normal visual fields to serve as a basis for comparison.
The aim of the current study was to evaluate the on-road driving performance of persons with homonymous hemianopia or quadrantanopia in comparison to agematched persons with normal visual fields. Backseat evaluators masked to the clinical characteristics of participants independently rated driving performance on a standardised route with respect to several common driving behaviors.
METHODS

Participants
Potential hemianopic and quadrantanopic participants were identified through the Additional inclusion criteria for hemianopic and quadrantanopic participants were a homonymous hemianopic or quadrantanopic visual field defect as indicated by the most recent visual field assessment in the medical record and ≥ 6 months from the brain injury date. Additional inclusion criteria for the age-matched reference group were normal visual fields (see below), and no history of brain injury (e.g., stroke, trauma, tumor, arteriovenous malformation).
The protocol was approved by the Institutional Review Board for Human Use at the University of Alabama at Birmingham. After the purpose of the study was explained, participants were asked to sign a document of informed consent before enrolling.
Procedures
Demographic information (age, gender, race) was obtained by medical record review and confirmed by interview. The number of co-morbid medical conditions was estimated using a general health questionnaire which has been used extensively in previous studies. 11 Participants were asked to report all prescription and nonprescription medications they were taking. The Driving Habits Questionnaire 12 was used to confirm driving status and licensure and estimate driving exposure (days/week, miles/week driven) in the recent past. All questionnaires were interviewer-administered by trained staff.
Visual acuity was assessed binocularly using the standard protocol of the Early Treatment for Diabetic Retinopathy Study chart 13 and expressed as logMAR.
Binocular letter contrast sensitivity was measured using the Pelli-Robson chart under the recommended testing conditions 14 and scored by the letter-by-letter method. 15 Visual acuity and contrast sensitivity were evaluated with the habitual correction (whichever correction the person used while driving, if any). All participants had undergone a comprehensive eye examination within the past year. [17] [18] [19] [20] were also administered. General cognitive status was screened using the Mini-Mental Status Examination (MMSE). 21 Processing speed, short-term memory and attention switching were measured using the Digit Symbol Substitution Test (DSST), 22 which is part of the Wechsler Adult Intelligence Scale. Trails A and B were used to examine visual search, processing speed, mental flexibility, and executive function. 23 Medical record review also identified if participants had undergone previous scanning training during occupational therapy.
On-road driving performance was assessed under in-traffic conditions in a dual-brake vehicle (Chevrolet Impala 2007 with automatic transmission) using the same route for each participant. A certified driving rehabilitation specialist (CDRS) who was also a licensed occupational therapist sat in the front passenger seat, had access to the dual brake, and was responsible for monitoring safety. The design of the route and the methods for evaluating performance were based on our previous work. [24] [25] [26] [27] [28] The route covered 14.1 miles with 6.3 miles of non-interstate driving in residential and commercial areas of a city and 7.8 miles of interstate driving in a city. It included both simple and complex intersections and encompassed a broad range of traffic densities and operational maneuvers.
Before beginning the on-road assessment, participants completed a series of basic driving maneuvers in a parking lot to ensure they had adequate vehicle control and to become familiar with the vehicle. Once the CDRS was satisfied that the participant exhibited adequate control, the on-road driving evaluation began. It started on low traffic city streets in a residential neighborhood and proceeded to busier roads, then interstate driving, and finally city non-interstate driving in a commercial area. Driving evaluations were held between 9am and 3pm to avoid rush hour traffic and were cancelled if it was raining or the road was wet. If a participant did not wish to drive on the interstate, the interstate portion of the route was omitted.
Performance at each of 43 locations along the route (31 on non-interstate and 12 interstate) was rated on a 3-point scale by two independent "backseat" evaluators masked to the driver's clinical characteristics including visual field status. One backseat evaluator -designated as the primary evaluator-sat in the middle of the backseat and thus had a good view of the driving scene, with the second evaluator sitting behind the driver. Examples of the locations that were rated are "left on Glenview Avenue", "driving along Cliff Road", and "merging onto I-20/I-59". At each location, several driving behaviors (Table 1) were evaluated including scanning, lane position, steering steadiness, speed, gap selection, braking, blinker/indicator use, and whether the driver obeyed signs and signals. Table 1 defines the 3-point scale for each maneuver. If a given maneuver was not relevant at a given location, it was not rated (e.g., using one's indicator signal would not be relevant if there was no turn or lane change involved at that location). After the drive was complete, each rater also provided a global rating of performance for each behavior on a 5-point scale, which summarized the rater's overall impression of the quality of driving for that behavior;
this was done separately for non-interstate and interstate driving. The 5-point scale was 1 = driver is unsafe and the drive was, or should have been, terminated; 2 = driver is unsafe, the drive was completed; 3 = driver's performance was unsatisfactory but not unsafe; 4 = driver was safe but demonstrated several minor flaws; and 5 = driver was safe and demonstrated either flawless or near flawless driving performance.
Statistical analysis.
Analysis of variance and Fisher's exact test were used to compare the field loss and normal groups, the field loss drivers rated as safe vs. unsafe, and the current drivers versus those who weren't currently driving, with respect to continuous and categorical variables, respectively. An intra-class correlation coefficient (ICC) was used to evaluate the agreement between the two backseat evaluators' ratings of participants'
performance with respect to non-interstate and interstate driving. For analytic purposes, the driving performance score of the primary evaluator was used. P-values of ≤0.05 (two-sided) were considered statistically significant.
RESULTS
Of the 802 hemianopic and quadrantanopic potential participants identified, 70 were excluded because their medical records were unavailable (e.g., archived to a remote site). Of the remaining 732 medical records reviewed, 58 met the eligibility criteria following chart review. Common reasons for ineligibility based on medical record review were the person did not have homonymous hemianopia or quadrantanopia, had
given up driving permanently, paralysis, or had medical conditions that were exclusion criteria (e.g., Alzheimer's disease, glaucoma). Of the 58 eligible patients, 30 persons with hemianopia or quadrantanopia enrolled in the study. Reasons for not enrolling included deceased (4), could not be contacted (4) and declined participation (20) .
The sample consisted of 22 participants with hemianopia, 8 with quadrantanopia and 30 participants with normal visual fields. Their demographic and general health characteristics are given in Table 2 . There was no age difference between the participants with field loss and those with normal fields (p=0.96), reflecting the agematching. The field loss participants were more likely to be male compared to those with normal fields (p=0.02); there was no difference with respect to race (p=0.42).
The number of chronic medical conditions was significantly higher in the field loss groups compared to the controls (p < 0.0001), and they also reported taking more medications (p < 0.01). However, there were no differences in age (p=0.9144), gender (p=0.8498), race (p=0.6592), number of chronic medical conditions (p=0.6861), or medications (0.3225) between those participants with field loss who were current drivers (n=24) and those who were not (n=6). Table 3 The visual and cognitive characteristics of participants are in Table 4 . Although the hemianopia and quadrantanopia groups had slightly worse visual acuity and contrast sensitivity than the control group (both p < 0.04), in all three groups visual acuity averaged 20/25 or better and contrast sensitivity was high (averaging 1.7-1.8). Those participants in the visual field loss group who were not current drivers had significantly worse contrast sensitivity than those who were current drivers (p=0.0079), however, there were no significant between group differences in visual acuity (p=0.0690).
General Inter-rater agreement for the two backseat evaluators' ratings was high for both noninterstate and interstate driving (both ICCs = 0.96). Table 5 shows how drivers were distributed on the 3-point rating scale for each of the component driving behaviors.
With respect to non-interstate driving, the hemianopic and quadrantanopic drivers were more likely to have ratings of 1 and 2 for lane position, steering steadiness, and gap judgments compared to drivers with normal visual fields. This was also the case when hemianopes by themselves were compared to controls. Those who drove on the interstate had significantly better scores on the DSST (p=0.0128) and Trails A tests (p=0.0044), but there were no significant differences in visual acuity (p=0.1477), contrast sensitivity (p=0.0567), MMSE (p=0.0531) or Trails B (p=0.3066). Table 6 shows how drivers were distributed on the 5-point rating scale of overall global driving performance. For non-interstate driving, this rating was significantly lower for the hemianopic compared to the control drivers but not when the combined hemianopic and quadrantanopic groups were compared to the normal drivers. There were no differences in interstate overall global ratings between heminopes and the normal visual field groups, or between the combined visual field loss group and the normal visual field group.
On the 5-point global rating scale, ratings of 3, 4, or 5 signify that the back-seat evalautor believed that the participant engaged in safe driving behaviors. By this definition, all drivers with normal visual fields, 73% of the hemianopes and 88% of the quadrantanopes were rated as safe drivers on the non-interstate drive (Table 7) .
Of those that did drive on the interstate, 97% of the drivers with normal fields, 83% of the hemianopes and 100% of the quadrantanopes evaluated were judged by the backseat evaluator to be safe drivers.
A question of interest is which characteristics differentiate between the hemianopic or quadrantanopic drivers who were deemed safe versus unsafe. While our sample size precludes multivariate modeling to address this issue, univariate comparisons for exploratory purposes were carried out (Table 8) Those with fewer seen points on the Esterman test were more likely to be rated as unsafe drivers, as were those with lower binocular mean sensitivity, (calculated by merging the right and left 24-2 fields to create a binocular visual field, based on the more sensitive of the two visual field locations). 29 In addition, those hemianopic and quadrantanopic participants who were current drivers were significantly more likely to be rated as a safe driver compared to those who were not current drivers.
DISCUSSION
This study suggests that some drivers with hemianopia or quadrantanopia are capable of safe driving performance, where 73% (16/22) of the hemianopes tested, and an even higher percentage of quadrantanopes 88%, (7/8) were rated as safe to drive in non-interstate settings. Our results show that even with a significant portion of the binocular field missing, it is possible for some hemianopic and quadrantanopic drivers to safely engage in driving manuevers in commonplace roadway environments in a fashion that cannot be differentiated from the driving performances of persons with normal visual fields. These findings are consistent with a recent retrospective chart review study on occupational therapists' ratings of on-road driving, where 74% of hemianopic and quadrantanopic drivers evaluated were rated as either safe or having the potential for safe driving. 9 Although our findings illustrate that some hemianopic and quadrantanopic drivers are fit to drive, there were several component driving behaviors that, on average, were performed less well than those with normal visual fields, namely steadiness or smoothness in steering, lane position, and gap judgment. These findings are consistent with earlier reports. 7, 8 These driving behaviors heavily rely on processing of information from the periphery generating a spatial representation of the environment, 30, 31 visual skills that are likely to be hampered by a total or partial absence of one side of the field. While drivers in the hemianopic and quadrantanopic group on average exhibited performance problems in steering, lane position, and gap judgment, it is important to point out that many of them displayed no difficulty with these maneuvers. For example, 50% of drivers with hemianopia or quadrantanopia received a superior rating (i.e., rating of 3) on steering steadiness and lane position, with 80% receiving a superior rating on gap judgment. These individual differences imply that even though all drivers had severe binocular visual field loss in either half or one-quarter of the visual field, some drivers successfully maintained stable steering and lane position and exercised good gap judgment. A challenge for future work is to identify which strategies these drivers use to compensate for severe binocular field loss, so that these strategies can be incorporated into driving rehabilitation programs designed for the hemianopic and quadrantanopic population.
Our finding that a large percentage of our sample of hemianopic drivers (73%) exhibited safe driving is, on the surface, at odds with a study by Tant et al. 8 who found that only 14% (4/28) of hemianopes were rated as safe. However, there is a noteworthy difference between their sample and that of the present study. In the Tant et al. 8 study participants were hemianopes specifically referred to the study for a driving evaluation because of safety concerns. In contrast, in the current study, hemianopes who had a current driver's licence and were current drivers or who wished to return to driving were eligible for participation.
The finding that many hemianopes and all of the quadrantanopes were rated as safe on the interstate drive is not unexpected given that those evaluated on the interstate excluded drivers who preferred not to drive on the interstate and/or who were judged by the CDRS as seriously lacking safe driving skills based on their non-interstate driving. Regardless of the selection bias of this interstate sample, our data do imply that at least some drivers with hemianopia and quadrantanopia have interstate driving skills indistinguishable from those with normal visual fields.
This study was not specifically designed to identify characteristics associated with unsafe driving in hemianopes and quadrantanopes, which would require a very large sample size. However, it does shed light on factors deserving further study as potentially useful prognostic indicators about whether a return to driving following a brain injury that causes hemianopia or quadrantanopia might be possible. Drivers rated as unsafe had on average slower processing speed (as revealed by Trails A and the DSST) than those rated as safe. This finding is consistent with the extensive literature demonstrating that slowed processing speed, regardless of etiology, places one at risk for unsafe driving. 18, [32] [33] [34] [35] Unsafe drivers had on average lower contrast sensitivity and greater binocular visual field impairments, which is also consistent with earlier work. backseat evaluator was found to be highly reliable in that there was strong agreement with a second backseat evaluator, also masked to driver characteristics. Driving performance for hemianopes and quadrantanopes was not considered in isolation but rather with reference to how drivers with normal visual fields perform on the same driving route. A study limitation is the relatively small sample size, yet the sample size is still larger than studies on hemianopia and driving published to date. 7, 8 Of those who met eligibility criteria and were alive at the time of enrolment, 44% did not participate, and might have been problematic drivers. However, this study was not designed to provide an estimate of the prevalence of safe driving in this population, but rather was an attempt to demonstrate whether safe driving was possible in any segment of this population. In addition, this study does not provide information about the motor vehicle collision rates of drivers with hemianopia or quadrantanopia, an issue for further research.
In conclusion, this study suggests that some drivers with hemianopic and quadrantanopic field defects have safe driving skills that are indistinguishable from those of drivers with normal fields. This finding has important implications for licensing policies given that many jurisdictions throughout the world are currently denying drivers with these field defects the opportunity to drive. Based on our findings, it is very likely that some drivers with hemianopia or quadrantanopia have been prohibited from driving in spite of their having on-road driving skills that are safe and indistinguishable from those with normal fields who are granted licenses.
Since driving of the personal vehicle is a primary mode of transportation in many countries, denial of licensure and driving cessation have great potential for reducing independence, employment options, and access to healthcare and increasing the risk of depression. [40] [41] [42] Owing to these considerations, in the interest of fairness we recommend that jurisdictions consider offering persons with hemianopia and quadrantanopia the opportunity for an on-road driving evaluation by a driving rehabilitation specialist, rather than categorically denying licensure based on their hemianopia or quadrantanopia, a policy which has no scientific basis. 1 Safe driving is defined as scores of 3, 4, or 5 on the overall global driving performance rating scale. 2 11 drivers were not evaluated on the interstate since they preferred not to drive on the interstate (n=7) or because the CDRS did not permit them to go on the interstate based on their driving on the initial part of the route (n=4). This characteristic only applies to quadrantanopic drivers. 4 This characteristic only applies to hemianopic drivers.
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